The approximately N-S-trending Andean retroarc fold-and-thrust belt is the locus of up to 300 km of Cenozoic shortening at the convergent plate boundary where the Nazca plate subducts beneath South America. Inherited pre-Cenozoic differences in the overriding plate are largely responsible for the highly segmented distribution of hydrocarbon resources in the fold-and-thrust belt. We use an ~7500-km-long, orogenparallel ("strike") structural cross section drawn near the eastern terminus of the fold belt between the Colombia-Venezuela border and the south end of the Neuquén Basin, Argentina, to illustrate the control these inherited crustal elements have on structural styles and the distribution of petroleum resources.
INTRODUCTION
Innumerable descriptions have been published on the geometry and kinematic evolution of fold-and-thrust belts around the globe, utilizing outcrop observations, industry seismic-refl ection data, structural analysis techniques, and various other data types (e.g., Rich, 1934; Bally et al., 1966; Dahlstrom, 1970; Boyer and Elliott, 1982; Pfi ffner, 1986; DeCelles et al., 2001) . To a lesser degree, attempts have been made to relate those structural styles and attributes to the distribution of hydrocarbon resources in petroleum basins (e.g., Cooper, 2007) . Both types of syntheses have been aimed in large part at twodimensional, cross-sectional evaluations relating, for example, sedimentary wedge taper to wavelength of structural imbrication, mechanical stratigraphy to décollement preferences, infl uence of rift faults or other preexisting basement architecture on contraction styles, and the relation of source rock burial history and hydrocarbon charge to structural evolution. Some simple observations have been made about petroleum systems in these settings; for example, petroliferous fold belts commonly occur at the margins of petroliferous basins (e.g., the Zagros fold belt and the Arabian platform; Western Canada fold belt and basin). In other cases (e.g., Papua New Guinea), however, the hydrocarbon endowment is greater in the fold belt than in the adjacent basin, partly because the fi eld sizes can be much larger in the fold belts than in the forelands.
In this paper, we build on the deep knowledge base of diporiented structural characteristics and extend our focus to the third (strike) dimension of the Subandean fold belt to address three questions: (1) Over what length scales do the structural styles of fold belts change and for what reasons? (2) How do the original sedimentary confi guration and mechanical stratigraphy of a basin infl uence or control subsequent structural development of the contractional system? (3) How do these stratigraphic and structural changes in the strike direction conspire to yield boundaries between more and less viable petroleum systems? The fi rst two questions have been addressed in South America in several historically important syntheses, including Allmendinger et al. (1983) , Mpodozis and Ramos (1989) , and Kley et al. (1999) . This paper leverages those and other earlier works in order to generate new insights about the factors that control the distribution and quality of petroleum systems in retroarc fold belts.
We created a megaregional strike section near the eastern terminus of substantial Neogene deformation, near the boundary between the modern Andean wedge top and foreland basin (DeCelles and Giles, 1996) . This location was chosen to traverse the traditional habitat for fold belt petroleum traps. Our compilation draws on roughly 100 dip-oriented two-dimensional (2-D) structural cross sections of the Subandes between latitudes 8°N and 40°S (Fig. 1 ). Our analysis relied most heavily on recently published sections that incorporated observations from industry seismic-refl ection profi les, utilized ties to wells, and applied the fold belt. The petroleum occurrences and remaining potential can be understood in the context of three major geographic subdivisions of the Subandes. Between Colombia and central Peru, rich, late postrift Cretaceous source rocks occur beneath Upper Cretaceous-Cenozoic strata that vary signifi cantly in thickness, yielding large accumulations around the Cusiana fi eld in Colombia and within the Oriente Basin in Ecuador, but weak or nonviable petroleum systems elsewhere, where the cover is too thin or too thick. The central Subandes of southern Peru and Bolivia evaded signifi cant Mesozoic rifting, which kept Paleozoic sources shallow enough to delay primary or secondary hydrocarbon generation. After post-Oligocene propagation of the fold belt, however, numerous accumulations were formed around Camisea, Peru, and in the Santa Cruz-Tarija fold belt of central Bolivia. In the southern Subandes of Argentina, Paleozoic crustal thickening caused by terrane accretion and associated arc magmatism created a tectonic highland that precluded deposition and/or destroyed the effectiveness of any Paleozoic source rocks. Here, all accumulations in the foreland and in the fold belt rely on Triassic and younger source rocks deposited in both lacustrine and marine environments within narrow rifts. The trap styles and structurally restricted source rocks in the southern segment have yielded a much smaller discovered conventional resource volume than in the northern and central Subandean segments.
In comparing the Subandean system to other global fold belt petroleum systems, it is undoubtedly the rule rather than the exception that the robustness of hydrocarbon systems varies on a scale of a few hundred kilometers in the strike direction. Our work in the Andes of South America suggests that this is because most continents possess heterogeneous basement, superposed deformation, and subbasin stratigraphy that vary on roughly this length scale. modern structural balancing approaches in section construction. Other cross sections were not included in our compilation if they appeared overly schematic or were too close to other chosen sections. The resultant strike section presented in this paper extends from roughly the Colombia-Venezuela border to the south end of the Neuquén Basin in central Argentina, a distance of ~7500 km (Fig. 2) . We chose to study this system over such a large distance because the length scale of stratigraphic and structural changesespecially the distribution of key source rocks-is much longer in the strike direction (typically hundreds of kilometers) than in the dip direction (typically kilometers to tens of kilometers). Additional description of the chosen location of the along-strike cross section is given in the Appendix. The spacing of dip sections along the strike section averages ~75 km but is, of course, irregular. Where a signifi cant gap occurs in the distribution of dip sections, we attempted to fi ll in the section with well data, as in the Putumayo Basin of southern Colombia. The strike section in Figure 2 also incorporates Moho depth (Chulick et al., 2012) , current depth of the oil-and gas-generation windows from published burial history models (e.g., Baby et al., 1995) , and subducted slab depths from Tassara et al. (2006) . Finally, we have not attempted to depict many details of "basement" geology along much of the section. Clearly, there is an interesting and important story about how those deep features have infl uenced evolution of overlying basins and structural styles, but since well penetrations and age control are limited along our section, we have focused our effort on the upper interval of the crust where viable petroleum systems and traps are preserved. We schematically illustrate the approximate level of "economic basement" in a gray color in our compilation of stratigraphic columns along the strike section ( Fig. 3 ) and note that information on those deeper levels is limited in the literature.
At the beginning of this paper, we briefl y summarize the well-established tectonic history of the Andes, focusing on preAndean events and their structural-stratigraphic consequences. More comprehensive treatments of this history can be found in França et al. (1995) , Sempere (1995) , Pindell and Tabbutt (1995) , Tankard et al. (1995 ), Tectonic Analysis Ltd. (2006 , and Ramos (2009) . Second, we describe the structural-stratigraphic framework of the Neogene fold belt zone of the Subandes by summarizing the relationships in fi ve subareas of the system, shown by boxes in Figure 1 . Third, we relate this framework to the distribution of discovered oil and gas resources in the Subandes, drawing on Cooper (2007) , C and C Reservoirs (2010) , and other industry resource assessments contained therein. We characterize the genetics and quality of various petroleum systems based on our understanding of the structural and stratigraphic composition of the different oil and gas districts. We comment on whether the petroleum systems within individual subbasins have been well tested or not by drilling, and where remaining resources may be discovered based on our three-dimensional genetic analysis of these basins.
We conclude with some general observations about the quality of fold belt petroleum systems that emerge from our compara- Figure 2 . Strike-parallel cross section from northern Colombia to central Argentina. Vertical exaggeration (VE) 20:1. Sources of information are the ~100 dip cross sections that intersect this line (shown by "x" symbols; see Fig. 1 for locations), well data, and Moho depths from Chulick et al. (2012) . Most along-strike changes record the heterogeneous tectonic and basin-fi lling history in the South American foreland, but note that some thickness changes refl ect sharp doglegs in the profi le, which were needed to capture key subsurface data points. Economic basement is shown (see Fig. 3 ), such that rocks classifi ed as "basement" may vary in age. The hydrocarbon maturity window is not shown farther south due to the structural complexity and the limited presence of source rocks and burial history models at those latitudes. Some smaller Subandean structures, e.g., near Camisea and in the Huallaga Basin, are not shown due to the vertical exaggeration of the section. a.s.l.-above sea level.
tive study of the anatomy of the 7500-km-long heterogeneous mountain front in South America. Our goal is to clarify how the structural-stratigraphic architecture of fold belts at the subbasin scale dictates why certain provinces are better settings for oil and gas accumulations than others. While we acknowledge a set of repeated processes that occur in most or all systems, a result of this study is that we do not believe there is such thing as a "standard" or "generic" retroarc fold belt; they possess tremendous diversity in basement framework, stratigraphic composition, structural style, and hydrocarbon endowment. It is our hope that some of the lessons of this study can be applied predictively elsewhere in the world where data are more limited or exploration investigations are more rudimentary.
BASEMENT FRAMEWORK AND ANDES HISTORY

Basement Terranes
The basement in the foreland of the Andes consists of a Grenville-aged (1.3-1.0 Ga) orogenic belt along the modernday western margins of the Guyana and Brazilian Shields and a Pan-African (0.8-0.5 Ga) mobile belt south of central Bolivia (Hoffman, 1991) . In Late Proterozoic to Early Cambrian time, when the Rodinian supercontinent broke apart, the western margin of these earlier orogenic belts became a passive continental margin (Hoffman, 1991; Blakey, 2008) . Intraplate rifting prior to ocean fl oor spreading resulted in deposition of thick assemblages of Neoproterozoic clastic sediments known as the Puncoviscana Formation in Argentina and the Tucavaca belt in Bolivia ( Fig. 3 ; Ramos, 2008) . Similar-aged rocks were penetrated by two exploration wells in the Llanos Basin, suggesting rifting extended as far north as Colombia (Ramos, 2009 ). In the central Andes, these rocks currently lie inboard of the Arequipa-Antofalla basement terranes, which may represent the western margin of the Neoproterozoic-Cambrian basin that was fragmented from the continental margin during intraplate rifting (Fig. 4; Ramos, 2008) . Following breakup, a fringing platform of carbonate overlain by clastic units of Middle Cambrian to Middle Ordovician age formed in northern South America (Ramos, 2009 ). At the southern limit of our transect, basement affi nities of the North Patagonian Massif are less certain; however, it is generally established that the North Patagonian Massif formed the southern margin of the Neuquén Basin since at least Carboniferous to Permian time (Pankhurst et al., 2006; Ramos, 2009 ).
Early Paleozoic Orogenies and Crustal Welt
At the latitude of northern Argentina, northern Chile, and Bolivia, several contractional events affected the margin during early Paleozoic time, producing a tectonic highland (the "Transpampean arch") that persisted throughout the Paleozoic . Following intraplate rifting during late Neoproterozoic time, subduction was reestablished along the margin at ca. 540 Ma (Pampean orogeny), culminating with fi nal closure of the Puncoviscana-Tucavacan basin (Tilcaric orogeny; Aceñolaza et al., 1988) after ca. 510 Ma (Pearson et al., 2012) . In Argentina, this event is recorded by the Upper Cambrian Mesón Quartzite, which unconformably overlies folded Puncoviscana Formation (Fig. 3) . Following a brief (<20 Ma) period of tectonic quiescence, subduction was reinitiated in Early Ordovician time, resulting in emplacement of the "Famatinian" continental magmatic arc and associated regional low-pressure, hightemperature metamorphism (Rapela et al., 1998) . Accretion of the Laurentian-affi nity Cuyania-Precordillera terrane (Thomas and Astini, 1996) outboard of Argentina (Fig. 4) resulted in cessation of arc magmatism over much of the region at ca. 465 Ma and major shortening accommodated by predominantly N-Sstriking, W-dipping thrust faults (Ocloyic tectonism; Astini and Dávila, 2004) . A Late Ordovician cessation of magmatism at the modern latitude of Bolivia and Peru may have resulted from Ordovician reattachment of the Arequipa-Antofalla terrane (Bahlburg and Hervé, 1997) , which was previously fragmented during Neoproterozoic rifting (Ramos, 2008) . The record of these events is shown in Figure 3 by a series of regional unconformities. To the north and east of this evolving orogenic highland, the Chaco depocenter became established in Bolivia and Argentina during Ordovician time.
Mid-Paleozoic "Back Arc"
Through the course of the middle Paleozoic, following cessation of major Ordovician Famatinian arc magmatism, the area of the present-day central Andean retroarc fold-and-thrust belt was located east of an uplifted highland Starck, 1995) . An absence of Silurian to early Carboniferous magmatic rocks at the modern latitudes of the central Andes may indicate a passive or strike-slip margin (Bahlburg and Hervé, 1997; Mišković et al., 2009) . The Chaco Basin continued to be the site of clastic deposition in northern Argentina, Bolivia, and southern Peru (Fig. 5) , where Devonian west-derived clastic sediments of the Huamampampa and Iquiri Formations prograded into a marine environment (Isaacson, 1975; . Source-prone facies of the Los Monos Formation were deposited in a restricted marine setting in Middle Devonian time in central Bolivia.
Devonian-and Mississippian-aged rocks are more poorly exposed in northern Peru, Ecuador, and Colombia, but paleogeographic reconstructions suggest that the Devonian-Mississippian Chaco Basin extended north into Peru and east into the ancestral Amazonas trough between the Guyana and Brazilian Shields (Figs. 4 and 5; Isaacson and Díaz Martínez, 1995; Williams, 1995) . These areas were more distant from the magmatic arc and any Paleozoic retroarc thrusting, and so may have been thinner and probably possessed a smaller volume of west-derived clastic sediments.
Late Paleozoic Contraction
A signifi cant tectonic event is recorded in Carboniferous strata throughout much of the central South American Subandes (Fig. 3 ). This orogeny is variably termed the Chañic (Mon and Salfi ty, 1995) or the Eo-Hercynian event (Dalmayrac, 1978; Dalmayrac et al., 1980; Laubacher, 1978) . Angular unconformities separating folded and slightly metamorphosed Lower and Middle Paleozoic strata from Lower Carboniferous units are well exposed in a large region N and NW of Lake Titicaca in southern Peru and in parts of western Bolivia. Uplift became accentuated along the Pampean arch in northern Argentina, Chile, and western Bolivia Tectonic Analysis Ltd., 2006) , and Devonian to Carboniferous deformation propagated into the foreland in places, including the Shira arch in southern Peru ( Fig. 4 ; Espurt et al., 2008) . The Mississippian Ambo Formation in Peru was deposited at this time in a coastal plain environment (Fig. 5) . It contains coals and tuffaceous, volcaniclastic, and lithic sandstones with metamorphic rock fragments derived from the west (Laubacher, 1978) . The Ambo Formation has been identifi ed as the source of gas and condensates in the giant Camisea gas fi eld in southern Peru. Subsequent to the Mississippian EoHercynian event, which is recognized widely across southern and central Peru, a more moderate folding event is recognized in southern Peru in the middle Permian, termed the Tardi-Hercynian or late Hercynian event ( Fig. 3 ; Laubacher, 1978) .
Elsewhere in the region, the Hercynian events are more diffi cult to identify. In the Eastern Cordillera in northern Argentina and southern Bolivia, an absence of Carboniferous strata probably refl ects a remnant Ordovician highland and cessation of back-arc subsidence that postdated terrane accretion (Starck, 1995) .
Permian-Early Jurassic Extension
Southern Andes
Following Chañic shortening, the late Paleozoic and Triassic were periods of extension and volcanism throughout much of the present-day central Andes, probably related to orogenic collapse of the composite Paleozoic contractional system (Kay et al., 1989; Figs. 5 and 6) . Fernandez-Seveso and Tankard (1995) described some of the oldest rift-related sediments in the Paganzo Basin in northwestern Argentina (Fig. 5 ), which they suggested may have been infl uenced by strike-slip faults within the amalgamated Pampean, Precordillera, and Chileñia terranes beneath the Chañic unconformity. The oldest parts of the Paganzo Basin are structurally segmented, of Mississippian age, and largely nonmarine. However, marginal marine facies within the upper basin fi ll, together with increased connections between depocenters, suggest that the Transpampean arch had locally collapsed below sea level (Fernandez-Seveso and Tankard, 1995) . Triassic to Early Jurassic extension also had a profound impact on south-central South America. The onset of major extension in the Neuquén Basin is marked by the eruption of ignimbrites of the Lower to Middle Triassic Choiyoi Group and deposition of interbedded coarse clastic sediments ( Fig. 3 ; Kay et al., 1989; Vergani et al., 1995) . Basement-involved normal faults of Late Triassic to Early Jurassic age bounded the graben and created several internal depocenters. Extension continued into the Middle Jurassic, but depositional patterns within the Neuquén Basin become more integrated and marine, resulting in deposition of the Los Molles source rock of Pliensbachian to Toarcian age. During Middle Jurassic time, Neuquén deposition began to be dominated by thermal subsidence, which controlled facies as fl uvial and deltaic systems prograded into a central marine axis of the west-facing triangular basin. The onset of basin inversion may have promoted restriction and deposition of evaporates during Callovian time, with more signifi cant inversion strongly affecting Late Jurassic deposition.
The Cuyo Basin formed at roughly the same time as the Neuquén Basin and has a similar stratigraphy, with Choiyoi volcanic rocks giving way upward to fault-controlled lacustrine and alluvial-fl uvial clastic rocks of Early Triassic age (Fig. 3) . Unlike the Neuquén Basin, the Cuyo Basin does not contain marine strata and preserves only a thin Jurassic section. The thickness of Triassic and Jurassic rocks locally exceeds 2500 m (Giambiagi et al., 2003) . The only signifi cant source rock in the basin is the lacustrine Cacheuta Formation of Middle Triassic age (Dellapé and Hegedus, 1995) . The Jurassic marine seaway documented throughout central and western Peru continued west of the present-day Altiplano, fl ooding the Neuquén Basin but not the Cuyo Basin due to the lesser amount of subsidence in that basin and/or the presence of a topographic barrier to the west (Pindell and Tabbutt, 1995) .
Northern Andes
Farther north, Sempere et al. (2002) described southwardyounging extension, in which Late Permian and Triassic rifting (Mitu and Pucara Formations) propagated southeastward from central Peru into western Bolivia, where the peak of extension was Late Triassic to Middle Jurassic in age. In central Peru, the main axis of rifting coincides broadly with the present-day mountain front, although industry seismic-refl ection data demonstrate existence of Mitu-aged rifts east of the Andes in the Ucayali and southwestern Marañon Basins (Mathalone and Montoya, 1995) . To the southeast, the rift axis follows the trend of the present-day Eastern Cordillera in southern Peru, Bolivia, and northern Argentina ( Fig. 6 ; Sempere et al., 2002) . In Peru, the Triassic continental clastic rift deposits are overlain by the broadly distributed Jurassic Pucara Formation (Fig. 3 ). This shallow-marine carbonate unit gives way eastward and southeastward into eastern Peru and Bolivia to a widespread Jurassic fl uvial and eolian assemblage that extends into the Paraná Basin and other continental basins to the east . The Jurassic units overlap the rift fl anks of the Triassic Mitu basins and are assumed to have formed in a thermal sag phase following rifting, consistent with their broad distribution across western South America (Sempere et al., 2002) .
Whereas the axis of the Triassic Mitu rift system extends south from Peru along the Eastern Cordillera in Bolivia, the overlying Jurassic marine sag basin is wide and straddles the rift in central Peru. To the south, the marine basin deviates west of the Altiplano into the Arequipa Basin, becoming a narrow back-arc basin where the Lower to Middle Jurassic (Toarcian to Bajocian) Socosani Formation interfi ngers with and overlies volcanic and volcaniclastic rocks of the Chocolate Formation (Sempere et al., 2002) . Similar-aged volcanic rocks in coastal Peru and Chile yield geochemical signatures suggestive of a subduction-related arc genesis, indicating that the Jurassic carbonate shelf in Peru narrows to the south and likely interfi ngers with volcanic strata proximal to a west-facing Jurassic arc (Sempere et al., 2002; Romeuf et al., 1993 Romeuf et al., , 1995 . The narrowing and westward stepping of the Jurassic shelf around the west side of the Altiplano suggest that the Transpampean tectonic welt that had formed during Paleozoic time in northern Argentina, Chile, and southwestern Bolivia continued to exert an infl uence on deposition well into the Mesozoic .
In Colombia, extensional faulting and basin formation were more protracted, with recognized pulses in the Late Triassic to Jurassic (Kammer and Sánchez, 2006) as well as in the Early Cretaceous (Horton et al., 2010, and references therein) . Some of the Triassic-Jurassic fault systems in the Eastern Cordillera, which were reactivated as Cenozoic reverse faults, are considered to have originated as transtensional faults in Jurassic time (Sarmiento-Rojas et al., 2006) .
Late Jurassic Inversion and Cretaceous Extension
Although Permian through mid-Cretaceous time in the Andes was generally characterized by extension, the margin evolved heterogeneously along strike. In the Neuquén Basin, for example, low-magnitude inversion of rift basins occurred during Middle to Late Jurassic time (Vergani et al., 1995; Grimaldi and Dorobek, 2011) . Shortening of this age is also documented in Peru (Mathalone and Montoya, 1995; Jacques, 2003; Bump et al., 2008) , but it is absent along much of the rest of the margin.
Whereas Permian to Jurassic extension is observed in central Argentina, Peru, and Bolivia, extension of this age has only been documented locally in northern Argentina, most notably within the Paganzo Basin, a late Paleozoic successor or collapse basin formed above sutures between the Pampean, Precordillera, and Chileñia terranes (Fig. 5; Fernandez-Seveso and Tankard, 1995) . The more pronounced extensional events in northwestern Argentina are younger, postdating low-magnitude Jurassic inversion observed along strike. Extension in northern Argentina and southern Bolivia is primarily Cretaceous in age and resulted in deposition of up to 6 km of synrift clastic sediment in the Salta rift basin (Fig. 4; Salfi ty and Marquillas, 1994; Mon and Salfity, 1995) . Like those in the Paganzo Basin, normal faults in the Salta rift may have reactivated older structures (Salfi ty, 1985) . In contrast to the Neuquén and Cuyo Basins, where extension resulted in deposition of high-quality source rocks (Figs. 3 and 4), a lower-quality carbonate source rock within the Yacoraite Formation formed during postrift thermal relaxation in the Salta rift in latest Cretaceous time (Starck, 2011) .
As described already, restorations of the Mesozoic depositional confi guration in the Eastern Cordillera of Colombia recognize Late Triassic half grabens and a westward thickening of Jurassic and Lower Cretaceous strata into the Eastern Cordillera (Dengo and Covey, 1993; Toro et al., 2004; Kammer and Sán-chez, 2006; Mora et al., 2010.) . Extension climaxed in the Early Cretaceous, recording back-arc rifting and/or opening of the proto-Caribbean as North and South America began to separate (Pindell et al., 2005; Sarmiento-Rojas et al., 2006; Horton et al., 2010) . There is some dispute about the polarity of the Early Cretaceous arc at the latitude of Colombia, but most suggest it was an east-facing fringing arc that docked in Albian or Cenomanian time (see Tectonic Analysis, Ltd., 2006; Villagómez et al., 2008) .
Andean Retroarc Shortening
It is diffi cult to assign a regionally synchronous age for the onset of Andean shortening because western South America has been situated above an east-dipping subduction zone since the Paleozoic (see previous section on dispute about Early Cretaceous subduction polarity in Colombia), and there were contractional events that shortened crust in the retroarc during Carboniferous, Permian, and Jurassic time. Some descriptions consider the Andean orogeny to date from the Jurassic (Coira et al., 1982) . However, many accounts of individual segments of the Subandean zone recognize a latest Cretaceous to Paleogene (commonly termed "pre-Andean") episode of back-arc fl exural subsidence, followed by a Neogene "Andean" episode of crustal shortening refl ecting eastward propagation of the orogenic wedge into its present position (e.g., Allmendinger et al., 1983; Cooper et al., 1995; Horton, 1998; DeCelles and Horton, 2003) . This paper focuses primarily on the Neogene structures preserved near the modern mountain front because older Andean structures in the hinterland generally no longer have viable traps, seals, or live petroleum systems (e.g., Arriagada et al., 2006) .
The styles and magnitudes of shortening differ along strike, as will be shown herein, but a general consensus exists that the area of greatest shortening is approximately at the latitude of central Bolivia, where several estimates propose that shortening across the entire Andes system exceeds 300 km (McQuarrie, 2002a) . More discussion of the structural styles of retroarc shortening at the scale of individual subbasins will be addressed in subsequent paragraphs.
Numerous studies describe how the Nazca plate currently subducts beneath South America at various angles, with fl at slabs present beneath much of Peru and also at the latitude of northern Chile and Argentina (e.g., Isacks, 1976, 1979; Gutscher et al., 2000; Martinod et al., 2010) . These two regions lie above areas where the aseismic Nazca and Juan Fernandez Ridges are currently subducting beneath the South American margin (e.g., Jordan et al., 1983; Wagner et al., 2005; Gans et al., 2011) . In northern Argentina, the seismically active "broken foreland" in the Sierras Pampeanas has been at least partly attributed to the interference of a shallow slab with the base of the South American crust . Following our more detailed discussion of stratigraphy, structure, and petroleum systems at the subbasin scale, we will comment on how important these modern subduction elements appear to be for petroleum generation or preservation.
SUBANDEAN STRUCTURAL VARIATIONS IN THE STRIKE DIMENSION Llanos
The Llanos Basin fl anks the eastern edge of the Eastern Cordillera in Colombia (Figs. 7A and 8). The relatively narrow Subandean fold belt is a zone of thick-skinned structural inversion in this area (e.g., Dengo and Covey, 1993; Cooper et al., 1995; Toro et al., 2004) . While overall shortening across the Eastern Cordillera and Subandes probably ranges between 100 and 150 km, estimates across the Subandes are modest-in the range of ~20 km (Colletta et al., 1990; Dengo and Covey, 1993; Mora et al., 2008) . The narrow frontal zone of "thin-skinned" thrusting is interpreted to record footwall shortcut faults beneath thick-skinned inversion features localized along master Mesozoic normal faults ( Fig. 7A ; Mora et al., 2006 Mora et al., , 2010 . At depth, the major contractional faults carry basement rocks; previous authors show the normal faults to be cut by the contractional faults (e.g., Toro et al., 2004; Fig. 7A) . Mora et al. (2010) and Parra et al. (2012) used apatite fi ssiontrack (AFT) thermochronology and fi eld relations to infer that shortening across the Eastern Cordillera began in late Eocene time and progressed until the present, which is corroborated by detrital zircon U/Pb age spectra in the basin-fi ll sediments . The timing of trap formation at the leading edge of the Llanos fold-and-thrust belt is generally accepted to be late Miocene to Holocene, but the AFT data suggest that the earliest phase of structural growth in the external part of the system may have begun as early as late Oligocene time .
The 15-20-km-wide Llanos fold-and-thrust belt contains less than a dozen oil and gas condensate fi elds. Exploration began in the 1940s, but it was not until the late 1980s and early 1990s that the giant (>1 billion barrels of oil equivalent, BBOE) Cusiana and Cupiagua fi elds were discovered. The primary proven play in the trend is Upper Cretaceous to Eocene east-derived sandstone reservoirs in fault-propagation fold-type traps, sourced by the prolifi c marine shales of the Turonian-Coniacian Gacheta Formation (Figs. 3 and 7A ). The narrow width of the productive belt around Cusiana is characteristic of inversion-type mountain fronts; the modest structural relief of the fi eld helps maintain the trap and seal integrity of the faulted anticline (Fig. 7A ). Most production in the trend is gas condensate, but Cusiana is primarily oil. Oil fi elds in the foreland to the east and south produce heavier crudes, indicative of the lower maturities and biodegradation in the external parts of the system where Cenozoic basin fi ll is thinner.
Vaupes, Putumayo, and Oriente
Southwest of the Cusiana area in the central Colombia Subandes, the foreland basin shallows onto the Vaupes arch, a broad, long-lived, low-relief basement feature where Cretaceous or Paleogene strata rest on basement at a depth as shallow as 1000 m below sea level (Figs. 2 and 8) . No signifi cant hydrocarbon accumulations have been discovered on the Vaupes arch (Fig. 8) . Where the basement then deepens into the Oriente Basin in Ecuador, Upper Cretaceous source rocks become buried deeply enough to have produced hydrocarbons, fi lling Cretaceous sandstone reservoirs in several dozen basement fault-block and inversion traps in the foreland of eastern Ecuador and southwesternmost Colombia. Field sizes exceed one billion barrels of oil (BBO) for the largest fi elds, Sacha and Shushufi ndi, both discovered in 1969.
Large-displacement structures in the fold belt at this latitude are less common than in the Llanos Basin because the Mesozoic rift in the Cutucu Cordillera of Ecuador is narrower and shallower than the analogous rift basin in the Eastern Cordillera of Colombia ( Fig. 7B ; cf. Legrand et al., 2005; Toro et al., 2004) . In contrast, modest shortening in Ecuador was distributed across numerous broad foreland structures, many of which originated as Permian to Jurassic normal fault blocks. Consequently, the only discovered hydrocarbons at the latitude of the Oriente Basin are in the foreland. West of the inverted rift in the Cutucu Cordillera, there is a sharp tectonic boundary across which allochthonous oceanic terranes are stitched against native South American basement (Fig. 4) .
Santiago and Marañon
Continuing south into northern Peru, the Cenozoic foreland basin fi ll thickens to ~5 km in the western Marañon Basin of north-central Peru (Fig. 9) . In northernmost Peru, the Subandean mountain front is located along the Manseriche anticline, where Cretaceous rocks are exposed at the surface (Fig. 7C ). This anticline separates the Santiago Basin from the Marañon foreland basin to the east. In this location, the Santiago Basin is a synformal bathtub basin stranded between the frontal Manseriche anticline and deeper-seated uplifts to the west. Mathalone and Montoya (1995) and Gil Rodriguez et al. (2001) inferred that bedding-parallel detachment in Triassic evaporites above deeper extensional fault blocks contributed to uplift of the relatively narrow anticlines in this basin (Fig. 7C) . The presence of Cretaceous and Paleogene strata at the surface is noteworthy because it indicates that Cretaceous reservoirs are potentially breached or prone to seal failure over a large proportion of the Santiago Basin.
Between the late 1960s and late 1990s, seven exploration wells tested Cretaceous objectives on Neogene anticlines in the Santiago Basin. No commercial discoveries have been made, although one well (Tanguintza 1x) was declared a noncommercial gas and condensate discovery in the Upper Cretaceous Vivian Formation (Fig. 9) . Minor hydrocarbon indications ("shows") reported from many of the tests suggest two causes of failuretrap breaching and reservoir cementation or overcompaction. The latter is supported by research by Mathalone and Montoya (1995) , who demonstrated that the Upper Cretaceous Vivian Formation was overlain by up to 5 km of Upper Cretaceous and Cenozoic section prior to Neogene shortening (Fig. 9 ). These Cretaceous-Cenozoic thicknesses exceed those to the north and south, recording the position of the paleo-Amazon depocenter prior to mid-Cenozoic drainage reorganization in northern South America (Hoorn et al., 2010) .
Huallaga, Ucayali, and Ene
At roughly 5°S latitude, the frontal fold belt changes trend from NNE-SSW in the southern Santiago Basin to NNW-SSE in the northern Huallaga Basin. Just south of there, the fold-andthrust belt abuts the projection of the Contaya arch, an important foreland structural buttress with a protracted history and a number of small oil and gas traps localized along it (Figs. 4, 7D , and 9). The Contaya arch and other areas of central Peru were strongly infl uenced by rifting during the Triassic, leading to deposition of red beds of the Mitu Formation, which are overlain locally by evaporites and regionally by platform carbonates of the Pucara Group (Mathalone and Montoya, 1995; Rosas et al., 2007; Fig. 3) . While there is some uncertainty about the extent to which Lower Mesozoic salt detachments infl uenced structural development of the Santiago anticlines, it is clear that evaporites controlled the way in which fault trajectories and detachments formed during shortening in central Peru. One of the largest-displacement thrusts in the Peruvian Andes, the Chazuta thrust, carried the Huallaga Basin ~40 km to the northeast based on good-quality seismicrefl ection data (Hermoza et al., 2005;  Fig. 7D ).
Like the Santiago Basin to the north, the Huallaga Basin preserves folded Cretaceous and Cenozoic clastic rocks to the west of an uplifted frontal ridge where Jurassic strata are exposed. To the south, the western Ucayali segment of the fold-and-thrust belt crosses several transverse elements before extending south into the Pachitea and Ene Basins (Fig. 9) . The frontal Subandean structure in this area is the San Matias fault. Gil Rodriguez et al. (2001) showed the San Matias structure as detaching in the Permian and carrying a thick assemblage of Triassic and Jurassic units in its hanging wall (Fig. 7E) . Restorations of the Pachitea and Ene fold belts by Gil Rodriguez et al. (2001) and Espurt et al. (2008) illustrate a hybrid structural style in which highangle Permian to Triassic extensional faults and corresponding thick sediment packages are intersected and carried by beddingparallel, low-angle Cenozoic detachments, which could be characterized as classic thin-skinned thrusts. However, the stratigraphic thickness changes between adjacent thrust sheets indicate the presence of preexisting rift architecture, giving the overall structure some similarity to an inversion feature, although basement does not appear to be involved in the shortening as far east as the mountain-front San Matias fault. Importantly, the Huallaga and Ene fold belts possess structural styles that differ markedly from the mountain-front structures in Ecuador and Colombia to the north. In the south, structures have undergone translation of several tens of kilometers on low-angle thrust faults detached on salt (Santiago, Huallaga Basins) and ultimately Paleozoic shale (western Huallaga and Ene Basins). This thin-skinned structural style and Paleozoic detachment level continue to the south into southeast Peru and Bolivia, where the greatest concentration of oil and gas fi elds exists in the entire Subandean fold-and-thrust belt between Colombia and Argentina. Another important change occurs between the Santiago and Huallaga Basins from a petroleum systems standpoint. The Upper Cretaceous organic-rich interval, which is such a prolifi c source of hydrocarbons in Venezuela, Colombia, and Ecuador, becomes diluted by terrigenous clastic input such that total organic carbon content (TOC) decreases below 2%, and this unit ceases to be effective as a source south of the Contaya arch (Mathalone and Montoya, 1995) . However, as the foreland and fold-and-thrust belt emerge southward from beneath the large sedimentary load of Amazonia in central Peru (Hoorn et al., 2010) , older formations become potentially viable as petroleum source rocks. The foreland in central Peru has a number of small oil and gas accumulations in which oils have been correlated to a source in the Jurassic Pucara Formation, which occurs widely in the western foreland and the fold-and-thrust belt (Wine et al., 2003; ChemTerra International Consultants, 2000) . However, no commercial hydrocarbons have been discovered anywhere in this segment of the Peruvian thrust belt (although only six wells have been drilled to date), potentially because the peak of maturity of Jurassic source rocks occurred prior to formation of the late Cenozoic fold-and-thrust belt. In Huallaga, the Ponasillo 1X well tested Upper Jurassic and Lower Cretaceous reservoirs on a simple anticlinal closure, but those reservoirs were tight. In the Ene segment, fi ve unsuccessful exploration wells were drilled in the 1960s. These wells tested Cretaceous sandstones, and hydrocarbon shows were encountered in several of them. There are also oil seeps in the vicinity, indicating the presence of an active petroleum system. The Ene segment of the fold-and-thrust belt potentially has a viable source rock of Permian age-the Ene Formation (Fig. 3) . This source rock is known to source the Agua Caliente and other oil fi elds in the foreland (Fig. 9 ) but has not been demonstrated as an effective source in the fold-and-thrust belt (Mathalone and Montoya, 1995) .
Madre de Dios and Beni
The northwestern boundary of the Madre de Dios segment of the Subandean fold-and-thrust belt in southern Peru is defi ned by the Shira arch, a signifi cant, thick-skinned contractional uplift with both late Paleozoic and late Cenozoic episodes of activity ( Figs. 9 and 10 ; Espurt et al., 2008) . A complex transverse fault zone, the Tambo fault zone, occupies an area where the detached system crosses the southern extension of the Shira arch. Unlike the Contaya arch to the north, Paleozoic rocks are at the surface over the entire length of the feature, and hence the late Paleozoic and Mesozoic hydrocarbon systems are not viable on the Shira arch. Southeast of the Tambo fault zone and the intersection of the thin-skinned belt with the Shira arch, the Madre de Dios segment of the frontal fold-and-thrust belt is a classical thin-skinned imbricate system with a basal detachment in the Lower Paleozoic, an outer foothills zone of simple fault-bend and fault-propagation folds, and an inner foothills zone of duplex structures (Gil Rodriguez et al., 1999; Espurt et al., 2011; Figs. 7 and 10) .
The largest hydrocarbon discoveries in Peru are in the Camisea area in southern Peru. Between 1984 and 2012, 10 gas condensate discoveries, many with multi-TCF (trillion cubic feet) sizes, were made in Permian and Cretaceous sandstone reservoirs in relatively simple faulted anticline traps. The source of these hydrocarbons is the Mississippian Ambo Formation, a coaly source deposited in front of the late Paleozoic mountain front in central South America (Tectonic Analysis Ltd., 2006). It is notable that the Camisea discoveries occur in an area where several basement arches intersect the fold-and-thrust belt (Fig. 10) . Near Camisea, the Manu arch records thinning of the Paleozoic and Mesozoic section atop it (House et al., 1999) , which would have had the effect of maintaining Paleozoic source intervals at shallow levels over a long time period. In other words, the basement arch helped counteract the tendency of Paleozoic sources to prematurely yield hydrocarbons (compared with the late Cenozoic age of trap formation) in response to burial by (1) late Paleozoic retroarc basin fi ll, (2) Mesozoic rift fi ll, and (3) early to midCenozoic foreland basin fi ll, thereby preserving and protecting the petroleum system so that young traps could be charged in late Cenozoic time. Places where the burial and timing were not so favorable may suffer from a fatal fl aw of yield versus structural timing (Baby et al., 1995) or, if timing was favorable, may suffer from impaired (tight) reservoir quality due to excess burial, similar to the Candamo discovery in southeastern Peru (Fig. 10) . Baby et al. (1995) and McQuarrie et al. (2008a) described the Beni Subandes in northwestern Bolivia as a trend of narrow anticlinal areas separated by 10-20-km-wide piggyback synclinal basins with 6.5-7-km-thick Cenozoic basin fi ll. Detachment horizons occur in the Ordovician, Devonian, and Cretaceous. The ~1000-km-long segment of the fold belt in southeast Peru and northwest Bolivia differs from areas to the north and south in that there is little evidence of the pronounced Mesozoic rifting that occurred near the mountain front in Colombia, northern and central Peru, and Argentina. Triassic-aged rift-fi ll units are present in thrust sheets in the Eastern Cordillera in northwest Bolivia and southern Peru, but in the Subandes, the Lower Cretaceous strata typically sit on Permian strata (House et al., 1999) , indicating that this area was on a structural high (i.e., Manu and Madidi arches) or perhaps a regional rift shoulder while areas to the west were extending in Permian and Mesozoic time (Figs. 2, 3, and 6 ). The Beni Subandean fold belt segment in northwest Bolivia has been very lightly explored. Several wells in excess of 4000 m have tested Jurassic continental sandstone and Permian carbonate objectives, but none has proven successful. This segment of the fold belt is underlain by a rich Devonian source rock, but the great thickness of Cenozoic sediment is problematic for structural timing (Baby et al., 1995) , and excess burial impaired sandstone reservoir quality. This may explain why the Candamo discovery in southern Peru was subeconomic (Fig. 10 ). Thermochronology suggests an overall eastward propagation of Cenozoic deformation (Barnes et al., 2006; McQuarrie et al., 2008a; Gillis et al., 2006 ) that was strongly infl uenced by the late Miocene onset of orographic rainfall and increased erosion (Poulsen et al., 2010; Norton and Schlunegger, 2011; Barnes et al., 2012) . Late Miocene-Holocene tectonic-climatic coupling was probably not conducive for hydrocarbon systems; it led to deep erosion levels along many structures (e.g., breached anticlines of Fig. 7G ), may be responsible for the exceptionally thick (7 km) Cenozoic sediment, and restricted propagation of the orogenic wedge (Isacks, 1988; Horton, 1999; McQuarrie et al., 2008b) .
The Chapare basement high separates the Beni and Santa Cruz sectors of the Subandes (Fig. 4 ; Baby et al., 1994; Hérail et al., 1990) . Prospectivity is limited atop the Chapare high due to the absence of Paleozoic source rocks (Baby et al., 1995) . On the southern margin of the Chapare high, however, the north-tapering wedge of Paleozoic fi ll has localized deformation along the Boomerang Hills oblique ramp Hinsch et al., 2002) . Here, a series of anticlinal traps together hold reserves of 50 million barrels of oil and condensate (MMBO) and 1.3 TCF of gas, primarily within Devonian reservoirs .
Santa Cruz-Tarija
The retroarc fold-and-thrust belt at the latitude of the southern Bolivian Santa Cruz-Tarija segment represents the easternmost excursion of the Subandean system and probably also coincides with the area of greatest shortening anywhere in the Andes (326 ± 32 km; McQuarrie, 2002a McQuarrie, , 2002b Kley and Monaldi, 1998) . Shortening just within the Subandean zone is estimated at ~100 km (Dunn et al., 1995) or 67 km (McQuarrie, 2002b) . This maximum in shortening of the system coincides, not coincidentally, with the location of the thick, Paleozoic retroarc basin in the central Subandes and foreland (e.g., Allmendinger et al., 1983; Sempere, 1995; Allmendinger and Gubbels, 1996; Kley et al., 1999; McQuarrie, 2002a) . Shale detachments in Lower Paleozoic rocks are situated within a westward-thickening wedge of strata (Uba et al., 2009) .
Numerous, parallel, detached anticlines in this part of the fold-and-thrust belt resemble a wide, Canadian-style mountain front more than the thicker-skinned inversion-style mountain front so prevalent in Colombia and Peru (Figs. 7H, 7I, and 11 ). Numerous gas fi elds are present in the Bolivian segment of the system, sourced by rich Devonian shales in the Los Monos Formation, as well as secondary Silurian and Ordovician organicrich formations. Reservoirs are shallow-marine clastic units of Devonian and Carboniferous age. Ramos and Aguaragüe, two of the larger gas and condensate fi elds in the trend, have ultimate recoverable gas reserves that approach 4 and 1 TCF, respectively (C and C Reservoirs, 2010) . Cretaceous sandstones, which are prevalent reservoirs in the northern half of the Subandean system, are generally uplifted and breached in this trend. The relative aridity of southern Bolivia (Bookhagen and Strecker, 2008; Hilley and Coutand, 2010) has resulted in lower erosion levels (Barnes et al., 2008) , thinner Cenozoic sediment, and a wider Subandean zone (McQuarrie et al., 2008b) , enhancing the prospectivity of this area compared to humid, more destructive, northern Bolivia.
Metán and Salta
Arguably the most dramatic change in structural style of the Subandean mountain front along the 7500-km-long transect described in this paper happens just south of the Bolivia-Argentina border, where shortening estimates decline signifi cantly, and the basal detachment of the system descends from Lower Paleozoic levels to a level within low-grade metasedimentary or crystalline basement rocks (Mon and Salfi ty, 1995; Figs. 7J and 11) . This transition has been the subject of much discussion and analysis (e.g., Allmendinger et al., 1983 Allmendinger et al., , 1997 Mon and Salfi ty, 1995; Kley and Monaldi, 1998; McQuarrie, 2002a) . Previous authors concluded that this change in structural style relates in large part to the change in antecedent crustal confi guration owing to the presence of a thick Paleozoic basin to the north and the remnant of the early Paleozoic Ocloyic orogeny-or the so-called Transpampean arch-to the south.
In detail, parallel anticlines detached in the OrdovicianSilurian succession in the southern Bolivia fold-and-thrust belt diminish in size and plunge southward into the subsurface (Fig. 7I) . Just south of the Bolivia-Argentina border, at around 23°S, those structures give way to west-vergent Ordoviciandetached or basement-involved structures in the Santa Bárbara Ranges ( Fig. 7J ; Kley et al., 1999; Kley and Monaldi, 2002) . In addition to being west vergent, the structures in the Santa Bár-bara Ranges differ in other ways from the Bolivian fold-andthrust structures to the north: (1) They record less shortening; (2) they are more oblique to the main trend of the orogen; and (3) they carry a Cretaceous stratigraphic assemblage that formed in a major rift system in northern Argentina (Figs. 4 and 11; Mon and Salfi ty, 1995) . 
L o m a s d e O lm e d o (S a lta ) R ift M e t a n ( S a l t a ) R i f t M e t a n ( S a l t a ) R i f t Q u i r q u i n c h o A r c h
PARAGUAY Ramos
Fld.
M ic h ic o la A rc h
Aguaragüe Fld. Figure 11 . Simplifi ed geologic map of the southern Santa Cruz-Tarija fold belt, Bolivia, and the complex mountain front in northwestern Argentina. Note the termination of closely spaced décollement-style thrusts near the Lomas de Olmedo rift. South of this intersection, the structural style of the Subandes changes dramatically, and the only viable petroleum systems are those associated with discrete Mesozoic rifts. Map information is simplifi ed from Geologic Data Systems (1997).
The intersection of the fold-and-thrust belt with a Mesozoic rift system in northern Argentina fundamentally changes the character of the system to one in which faults are stratigraphically more deeply rooted and carry variable stratal thicknesses above them. Shortening in these rift-infl uenced parts of the system appears to be signifi cantly lower in magnitude than in the thin-skinned Bolivian salient (McQuarrie, 2002a) , although substantial structural relief has been built in much of the thickerskinned Argentinian segments of the belt.
The Salta rift system at 23°S latitude profoundly infl uenced how Neogene contractional structures formed (Grier et al., 1991; Kley and Monaldi, 2002; Kley et al., 2005; Carrera et al., 2006; Carrera and Munoz, 2008; Iaffa et al., 2011) . The Lomas de Olmedo, Metan, and related rifts (Figs. 2, 6 , and 11) comprised an Early Cretaceous to early Cenozoic rift system that intersected the Subandean mountain front and abutted the northern margin of the Transpampean and Pampean arches in northern Argentina (Starck, 2011) . The rift system also extended into the Altiplano and other areas of the interior Andes to the west (Mon and Salfi ty, 1995; Welsink et al., 1995) . Up to 6 km of Lower Cretaceous and younger strata are present in the thickest Salta rift depocenters. Basal synrift units are continental red beds and alkaline volcanic rocks of the Pirgua subgroup. Upper Cretaceous to Paleogene postrift sandstones and lacustrine limestones of the Yacoraite Formation overlie these units (Fig. 3) . Yacoraite limestones formed in a restricted carbonate basin and became a self-sourcing reservoir that produces in approximately a dozen small fi elds within and on the shoulders of the Lomas de Olmedo and Metan rifts. Cretaceous rift fi ll lies above a heterogeneous substrate ranging in age from Precambrian to Carboniferous. Stratigraphic relationships below the pre-Cretaceous unconformity indicate that the Lomas de Olmedo rift arm formed atop a NE-SW paleohigh termed the Michicola arch, which probably originated as a Chañic structure in Late Devonian to early Carboniferous time (Salfi ty et al., 1987; Starck, 2011) . Presently, the Michicola and Quirquincho arches bound the Lomas de Olmedo rift, having evolved into Cretaceous-Cenozoic rift shoulders upon dismemberment of the ancestral Michicola arch (Fig. 11) .
Cenozoic structures at 23°S-27°S latitude are a complex combination of inversions, detached thrusts and back thrusts, and basement-involved thrusts and back thrusts (Fig. 7) . Contractional deformation began in Eocene time in the eastern Puna and western Eastern Cordillera and propagated eastward sporadically to the present seismically active Santa Bárbara system (Carrapa et al., 2011) . The southernmost Subandean zone of northern Argentina was shortened by ca. 9-8 Ma (Echavarria et al., 2003) . Ranges in the southern Eastern Cordillera developed within the southwestern arm of the Salta rift and are roughly continuous along-strike with the fold-and-thrust belt to the north, but they are clearly basement involved and bivergent. In contrast, the Sierras Pampeanas to the south are discontinuous, more obliquely oriented, basement-involved structures (Grier et al., 1991; Kley et al., 2005) . Structural relief between Upper Cretaceous Salta rift rocks in the Eastern Cordillera and the same units in the subsurface Lomas de Olmedo Basin exceeds 10 km (Pearson et al., 2012) .
Petroleum systems in this segment of the Subandean belt rely principally on source rocks in the Campanian-Maastrichtian Cretaceous Yacoraite lacustrine limestone and overlying lacustrine black shales of the Olmedo Formation (Comínguez and Ramos, 1995) . These sources matured upon burial by Eocene and younger foreland basin fi ll as Andean deformation encroached into the area. The limited distribution of fi elds probably refl ects some combination of (1) sparse, discontinuous, or absent source, (2) low trap density in the less-deformed subsurface rift system to the east, and (3) problematic structural timing to the west where Andean thrusts or inversions may have uplifted and extinguished any hydrocarbon generation before those sources could charge any Andean-aged traps.
Cuyo-Bolsones and Neuquén
The southernmost segment of our megaregional cross section (Fig. 2) continues southward from the Salta area, where Cretaceous rifts formed within a heterogeneous substrate of Paleozoic sedimentary rocks, Ordovician metamorphic and igneous rocks, and the Grenville-aged Cuyania-Precordillera and Chileñia basement terranes (Fig. 4) . Physiographically, the southern 2000 km section of our regional strike section crosses the Sierras Pampeanas, the Bolsones and Cuyo Basins, the San Rafael high, and the Neuquén Basin (Fig. 12) . Structurally, it traverses the Transpampean arch and possesses a dramatically different structural and stratigraphic composition than southern Bolivia and areas to the north.
Southwest of the Salta rift, Carboniferous to Permian normal faults formed the Paganzo Basin (Figs. 4 and 6 ) atop the Transpampean arch (Fernandez-Seveso and Tankard, 1995) . South of here, Mesozoic extension gets progressively younger, with mainly Early Triassic faulting in the Cuyo Basin (Dellapé and Hegedus, 1995) and Late Triassic extension in the Neuquén Basin (Vergani et al., 1995) . The Cuyo Basin trends obliquely into the Precordillera at between 33°S and 34°S and contains 25 oil fi elds, discovered since 1932. The largest fi eld, Vacas Muertas, has ultimate recoverable reserves estimated at 470 MMBO (Fig. 12; C and C Reservoirs, 2010) . The Neuquén Basin trends at a high angle to the Precordillera mountain front between 37°S and 39°S and contains more than 70 oil and gas fi elds sourced primarily from marine shales of the Lower Jurassic Los Molles Formation and the uppermost Jurassic Vaca Muerta Formation (Fig. 3) . Most of the production in this region is from inverted fault block traps in the foreland, except for a group of relatively small fi elds located in the Malargüe-Agrio thrust belt at the mountain front between the central Cuyo and Neuquén Basins (Fig. 7L) . Cooper (2007) reported the ultimate recoverable reserves in the thrust belt fi elds to be ~700 MMBOE (million barrels of oil equivalent), with approximately two thirds of that volume being oil.
Directly south of Mendoza, Argentina, the Cuyo Basin occupies a lowland region in the foreland of the Precordillera of the Andes, west of the uplifted, crystalline-cored Pampean ranges ( Fig. 12 ; Dellapé and Hegedus, 1995 Following two episodes of rifting in the Late Triassic and Early Jurassic, the Neuquén Basin underwent a protracted depositional evolution extending into the Late Cretaceous, when riftrelated thermal subsidence had decayed (Vergani et al., 1995; Ramos and Folguera, 2005; Zapata and Folguera, 2005) . Most of the Mesozoic section in the basin thickens and deepens to the west, although west-derived clastic rocks are recognized in units as old as Middle Jurassic along the western margin of the basin. Multiple inversion events caused by contractional reactivation of normal faults created unconformities and infl uenced stratal architecture in the basin, in Callovian, Oxfordian-Kimmeridgian, early Valanginian, late Albian, and late Cenozoic time. Most of the hydrocarbon traps in this basin owe their origin to one or more of these inversion events.
This complex history of rift-sag subsidence and sedimentation in the Neuquén Basin was occurring east of the Mesozoic volcanic arc at 38°S, but the basin did not take on a foreland style of deposition until latest Cretaceous time (Ramos and Folguera, 2005; Zapata and Folguera, 2005) . During the climax of Andean shortening in the Miocene and Pliocene, fold-and-thrust deformation was restricted to the western edge of the basin (Figs. 7L  and 12 ). The structures in the Malargüe-Agrio fold-and-thrust belt root into a detachment below 10 km depth in the Paleozoic strata or basement (Manceda and Figueroa, 1995) . Faults fl atten upward in the direction of transport to the east into Jurassic shales or evaporites, or into Cretaceous shales, creating a large-scale, fault-bend fold style of deformation. Locally inverted normal faults and variable thicknesses of Triassic-Lower Jurassic units reside in the hanging walls of the thrust sheets. Shortening on individual east-vergent thrust faults is in the range of 10 km near the front of the external fold-and-thrust belt, and complex back thrusting, duplexes, and triangle zones accommodate the slip at the tips of the thrusts.
One conspicuous aspect of the Neuquén Basin, at the south end of our regional strike transect, is how little Cenozoic section is preserved atop the Mesozoic basin (Fig. 2) , even east of the fold-and-thrust belt. The basin appears to be currently undergoing a regional uplift or inversion, potentially related to its proximity to the modern arc and trench to the west.
HYDROCARBON ENDOWMENT IN THE STRIKE DIMENSION
Geographic Summary
It is well known that the distribution of discovered hydrocarbons can be quite variable within individual foreland basins and fold belts. Clearly, the most fundamental control on viability of a petroleum system is whether a high-quality source rock is present in the section. Figure 13 shows the distribution of the major source intervals discussed in this paper, irrespective of their level of maturity, richness, or whether they are known to be locally effective in charging traps. Figure 13 also shows that large segments of the South American Subandean system have such sources yet have not produced signifi cant oil and gas discoveries. In this section, we examine the entire system in the strike direction with the aim of explicitly defi ning how more and less productive segments of the system relate to one another and how the tectonic, depositional, and burial history of a given segment will control whether sources are able to charge reservoirs in traps that are generally of late Cenozoic age.
Beginning in the north, the Llanos Subandean belt has a relatively high resource density (3788 MMBOE recoverable in discovered fi elds; Cooper, 2007) ; however, these resources are localized within just a few fi elds in a narrow thin-skinned belt (Figs. 7A and 8) . The productive area is bounded to the west by uplifted and breached reservoirs and sources, and to the east by the frontal fault of the system. To the southwest, Cenozoic thicknesses decrease, and the key source intervals yield only heavy oil, or they are immature. It is not surprising, therefore, that the only signifi cant exploration success following up on the CusianaCupiagua discoveries was along strike to the north.
The small amount of shortening transferred out of the Eastern Cordillera into the Subandes in the Llanos segment has limited the quantity of traps but has preserved a large fetch area containing source rocks at regional level in a synclinal maturation kitchen west of the fi eld. The modest throws on the faults in the Llanos foothills mitigated against excess uplift, erosion, and breaching. Importantly, the shortcut fault pattern at the edge of the Eastern Cordillera allows the basal detachment fault trajectory to fl atten upward rather than ascending the entirety of the stratigraphic section ( Fig. 7A ; Toro et al., 2004) . This aspect of the Subandean system, as will be shown in subsequent descriptions of the belt to the south, is very basic but of greatest importance for preserving petroleum potential in contractional fold belt provinces. Structures that "keep their heads down," either because of modest shortening or because of favorable detachment geometries, are required for trap preservation in fold belt systems. Excess shortening and/or fault systems that lack multiple 
Malargüe-Agrio FTB:
700 MMBOE disc. Also plotted are discovered resources from Cooper (2007) . Camisea estimate includes recent discoveries not included in Cooper (2007) . Note the signifi cant extent of Subandean areas with known source rocks but no discovered resources. Arch abbreviations are same as Figure 4 . FTB-fold-and-thrust belt; MMBOEmillion barrels of oil equivalent. detachment levels can cause too much uplift and erosion, which destroy trap integrity and hydrocarbon retention.
Structural foreland arches also have an important impact on how petroleum systems evolve in fold belts. As shown in Figure 2 , the level of maturity of the Upper Cretaceous source interval decreases to the south due to the long-lived structural high on the Vaupes arch. The structural relief on the Vaupes arch served to inhibit the Upper Cretaceous source interval from maturing during the Cenozoic, causing the Subandean system to the southwest of Cusiana to be high risk or nonprospective due to the probable lack of a mature Upper Cretaceous source.
The presence and quality of the Upper Cretaceous source remained intact to the south, and as the eastern terminus of the contractional system plunged southwest beyond the Vaupes arch, the source interval matured enough to charge several fi elds of BBO size in the foreland of Ecuador. The generally high structural elevation of basement in the Cutucu Cordillera precluded formation of a "Llanos-type" Subandean detached fold-andthrust belt. The absence of a shallow section precluded the inversion faults from rolling into fl at upper detachment levels, as in the Llanos (Fig. 7B) , and so they surfaced and breached the Subandean traps. The proximity of the basement high in southwest Colombia and northern Ecuador to the western end of the Guyana Shield suggests that the Vaupes arch has a Precambrian ancestry and a genetic link to shield areas to the east.
In northern Peru, the fold belt system becomes even more deeply buried due to the depositional load of Amazonia ( Fig. 9 ; Hoorn et al., 2010; Hoorn and Wesselingh, 2011) . Mathalone and Montoya (1995) estimated the total thickness of Cretaceous and Cenozoic strata at >5 km, which caused Late Cretaceous sources to be gas prone and reservoir quality to be impaired by late Cenozoic time. In addition, the viable traps in the Santiago Basin tend to be subsidiary features on the fl anks of larger, saltdetached, breached anticlines, so trap sizes are small by global fold belt standards.
In central Peru, the effectiveness (TOC) of the Upper Cretaceous source interval degrades such that no discovered hydrocarbons in the Marañon Basin south of 5°S can be correlated to those sources. Instead, several foreland discoveries are attributed to sources in the Jurassic Pucara Formation or older units (Mathalone and Montoya, 1995; ChemTerra International Consultants, 2000; Wine et al., 2003) . However, in the northern Ucayali segment, the absence of signifi cant hydrocarbon in the Ponasillo 1X well and three dry holes on young foreland structures just outboard (east) of the Chazuta thrust suggests that the Jurassic and older sources may have been overmature at the time of late Cenozoic trap formation, due to their location on the fringes of the thick, Amazonia depocenter. This depocenter, which is partly localized above the extensive Triassic rift system in Peru and also above the projection of an underlying Paleozoic rift that separates the Guyana and Brazilian Shields to the east, contributed in a positive way to maturing Cretaceous sources that charged foreland traps in Ecuador. However, this same depocenter was a destructive factor for older, deeper sources, causing them to mature prior to trap formation in the late Cenozoic fold-andthrust belt.
In the southern Ucayali and Ene fold belt segments, where Cretaceous and Cenozoic units thin, it is likely that the Jurassic and perhaps the Upper Paleozoic sections are locally still in a maturity window capable of generating hydrocarbons that could fi ll late Cenozoic traps. However, due to a paucity of drilling in this area, the ultimate potential of this segment of the fold-andthrust belt remains uncertain.
In southern Peru, south of the Shira arch, the frontal foldand-thrust belt defl ects eastward beyond the margin of significant Mesozoic extension. In this area, detachment levels and the overall structural style become controlled by the thick Paleozoic Chaco clastic basin that exists throughout much of Bolivia. The Camisea gas condensate fi elds in Peru (Mississippian source, Permian and Cretaceous reservoirs), and numerous Bolivian fi elds (Silurian and Devonian source, Devonian and Carboniferous reservoirs) attest to the preservation of the Paleozoic sources at low maturity levels until traps formed in late Cenozoic time. In the vicinity of Camisea, the Manu arch was instrumental in maintaining Mississippian source rocks at shallow depths throughout the Mesozoic and early Cenozoic (Fig. 10) . Along much of this central region of the Subandean fold-and-thrust belt, the Mesozoic section is thin or absent, suggestive of a rift shoulder or broad uplifted platform tectonic setting. Cooper (2007) estimated the reserve base of the Madre de Dios portion of the Peruvian fold belt at 3816 MMBOE. With the addition of recent discoveries around Camisea, we now estimate the resource base in that area at ~5400 MMBOE.
The Bolivian Paleozoic sources are among the richest in South America, and where trap timing and burial history have a favorable relationship, the quality of the petroleum system can be excellent, although fracture enhancement is required for the Paleozoic sandstones in some of the fi elds to produce commercially (C and C Reservoirs, 2010) . The Bolivian thrust salient would likely contain even more resources if the level of erosion on some of the structures was not as great (Fig. 7) . Many of the structures do not have a preserved Cenozoic cover, as they do in southeast Peru, and so the only viable targets are deeper in the Paleozoic beneath breached Carboniferous reservoirs at the surface. Discovered hydrocarbons in the Bolivian fold-and-thrust belt are mostly gas, and have been estimated at >45 TCF (~7.5 MMBOE) by C and C Reservoirs (2010) and at ~14,000 MMBOE by Cooper (2007; Fig. 13) .
As described earlier (Fig. 11) , the southern end of the Bolivian fold-and-thrust salient eventually defl ects back to the SSW, and the character of the structural system and the petroleum system changes again. In addition to structural style changes, the Paleozoic source intervals here are deformed and/or eroded as the fold-and-thrust belt transects the Transpampean orogenic welt (Figs. 2 and 3) . No known fold belt hydrocarbon accumulations can be tied to those older sources south of the Salta rift in northernmost Argentina. Instead, several isolated Mesozoic rift basins are superimposed on the Paleozoic orogen, and they have self-contained petroleum systems in the Salta, Cuyo, and Neuquén Basins. Although there are some hydrocarbon accumulations near the main topographic front of the Andes in classic "fold-and-thrust" systems (Fig. 12) , the bulk of the resource associated with these basins resides in inverted rift systems. In the Salta Basin, roughly a dozen small fi elds exist in the foreland of the Andes, mostly within and on the shoulders of the Lomas de Olmedo rift arm. The Cuyo Basin has 25 fi elds sourced from the Triassic, and the Neuquén Basin has numerous fi elds sourced by Lower and Upper Jurassic and Lower Cretaceous intervals, and trapped in normal fault block or inverted fault block traps. On the west side of these inverted rifts in the Argentina foreland, the Malargüe-Agrio fold belt is estimated by Cooper (2007) to contain 723 MMBOE (Fig. 13) .
Discussion
Two fi rst-order paleogeographic controls on source presence affect the distribution of hydrocarbon resources in the Subandes structural belt. Between southern Bolivia and northern Argentina, the basement framework and structural style change abruptly where the Subandean system traverses the boundary between northern in situ South American basement and crust dominated by accreted terranes and Paleozoic orogenic fabrics to the south (Fig. 4) . All hydrocarbon discoveries south of approximately latitude 22°S owe their origin to Mesozoic rifts superimposed on the older Paleozoic orogenic crust. The limits of Paleozoic source and reservoir distribution refl ect the profound impact of the Ordovician Ocloyic orogeny and the Late DevonianMississippian Chañic compressional event, virtually isolating those older plays to areas north of the Argentina-Bolivia border. In the northern Subandes, the prolifi c Upper Cretaceous source rocks in Colombia and Ecuador become diluted and ineffective to the south. The southeastward shallowing of facies responsible for this dilution is observed in units as old as Permian (Fig. 5 ) and seems to be broadly related to the tectonic reorganizations in the late Paleozoic that affected the central Subandes. The Chaco Basin in Bolivia, which was a long-lived marine trough in the Paleozoic, became the site of continental deposition throughout most of the Mesozoic, isolating Jurassic and Cretaceous marine sources to central Peru, Ecuador, and Colombia (Tectonic Analysis Ltd., 2006) .
Following the late Paleozoic tectonic reorganizations, Permian through Early Cretaceous rifts were superimposed on South American crust with variable geometry and distribution. In Argentina, rifts capitalized on basement features set up during contractional events and are therefore oriented oblique to the modern Andean deformation front. In Peru, Ecuador, and Colombia, rifts are generally parallel to the modern Subandean chain. Hydrocarbons in the South American Subandes and inner foreland owe their origins roughly equally to high-quality Paleozoic sources in Bolivia and southern Peru that evaded overprinting and burial by Mesozoic rifts, and to younger sources that tie directly to the rifts or collapse basins that formed elsewhere in western South America beginning in the Permian. These rift basins generally had the positive effect of creating source-prone syn-to postrift sedimentary assemblages but probably also destroyed the viability of Paleozoic sources in large areas of Peru, Ecuador, and Colombia.
Because the Subandean mountain front traps are primarily late Cenozoic in age, the timing and magnitude of burial by either large craton-derived depositional systems or thick west-derived foreland fi ll are important. Central Peru seems to have suffered from too much east-derived sediment burial of Jurassic and older sources, such that they may have been overmature before the fold belt traps formed. Parts of the Madre de Dios, Beni, and Santa Cruz-Tarija segments of the system are gas prone due to the great thickness of Cenozoic foreland basin fi ll in those areas. The Llanos Basin has a variable thickness of Cenozoic fi ll, leading to hydrocarbon occurrences that range from absent, to abundant early-maturity heavy oil, to gas condensate and gas in fi elds like Cupiagua.
The trap styles themselves also dictate whether a given trend has preserved commercial accumulations. Numerous workers have recognized the importance of inherited fabrics in controlling or strongly infl uencing subsequent structural development along the Andes Grier et al., 1991; Mon and Salfi ty, 1995; Allmendinger and Gubbels, 1996; Kley et al., 1999 Kley et al., , 2005 Jaillard et al., 2002; Sempere et al., 2002; Giambiagi et al., 2003; Carrera et al., 2006; Rosas et al., 2007; Iaffa et al., 2011) . The thick-skinned inversion basins (Llanos, Cuyo, Neuquén) tend to have narrow structural corridors where traps are not breached and where direct migration from synclinal source kitchens is possible. The hybrid "thinner-skinned" inversion basins in Peru (e.g., Huallaga, Ene) have not yet been proven commercially successful, although this may be due more to issues with the petroleum systems than to the traps themselves. The expansive, truly thinskinned system that extends from Camisea in southeast Peru to northernmost Argentina clearly has several favorable structural characteristics. Obviously, this style promotes development of a great quantity of traps (e.g., Figs. 7F, 7G, 7H, and 7I), but perhaps more important is the fact that subhorizontal basal and/or intermediate-level detachments allow tremendous amounts of shortening to occur without building the destructive structural relief so common in the thicker-skinned systems (e.g., Figs. 7A, 7J, 7K, and 7L). In simplest terms, long horizontal basal or intermediate detachments allow shortening and uplift to be distributed across numerous anticlines, thereby limiting the likelihood of breaching on any one structure. Where the fault ramps are steep and cross thick intervals of upper crust, even a modest amount of shortening can cause traps to be breached, as in the Malargüe-Agrio belt in Argentina. Systems with fl at detachments also allow source rocks to remain at regional levels and continue to undergo prograde maturation in synclines overlying the tails of thrust sheets; this is less likely in thick-skinned systems. In the best thin-skinned systems, Cenozoic strata are preserved above all the frontal structures, and trap risks are minimal, as at Camisea. In the Santa Cruz-Tarija system in Bolivia, the fact that many structures have Carboniferous strata at the surface indicates that the fold belt traps are partly breached, and the only viable targets are Lower and Middle Paleozoic reservoirs, which tend to be tight.
Finally, it is worth briefl y addressing the role of fl at slab subduction on the retroarc petroleum system in the South American Subandes. We fi nd no simple correlation between structural relief or thermal state, which can be attributed to fl at slabs, and the effectiveness of the petroleum systems, except arguably in the Sierras Pampeanas foreland region of northern Argentina. There, young uplifts have clearly destroyed any preexisting petroleum system, although most of this region already had problematic petroleum systems due to Paleozoic orogenesis. Those events, which deformed the older Paleozoic substrate and created a longlived highland that probably never had late Paleozoic source deposition atop it, precluded the creation and/or preservation of a Bolivian-or southeast Peru-style Paleozoic basin. So these significant Paleozoic tectonic events in Argentina had already impaired the petroleum potential of this area before any Cenozoic fl at slabs arrived. If it were not for the widespread rifts of Mesozoic age that formed within the ancestral Transpampean high, this region would be completely devoid of oil and gas occurrences.
In southern Peru, we have diffi culty reconciling recent fl atslab-related uplift with the preservation of Cenozoic strata above compressional folds in the Madre de Dios Basin. The Camisea gas fi elds are in structurally favorable traps because the crests of the anticlines are not eroded deeper than the Lower Cenozoic. The Camisea area also sits above two older structural arches (Manu and Madidi) that have condensed Mesozoic section atop them, which helped keep the Paleozoic source rocks from maturing prior to the late Cenozoic time of trap formation. The fact that the long-lived Manu arch was not subsequently uplifted enough to cause deeper erosion of the Camisea folds suggests that recent fl at-slab-related uplift was not large enough to signifi cantly impact the petroleum system in that area. So, in southern Peru as in Argentina, the main crustal elements that control the petroleum systems were in place prior to the Cenozoic.
PREDICTIVE CONCEPTS FOR GLOBAL EXPLORATION
Contractional mountain fronts contain some of the world's large hydrocarbon accumulations, for example, in the Zagros chain of Iran and Iraq, yet when viewed globally, more of these mountain fronts are devoid of reserves than are productive. Our megaregional strike section is an attempt to systematically analyze a large (~7500-km-long) retroarc continental system in its entirety with the aim of describing the primary and secondary controls on oil and gas prospectivity. This analysis complements that of Cooper (2007) , who concluded that no single structural or stratigraphic factor alone has a high correlation with hydrocarbon reserves within global contractional mountain fronts.
Foremost in importance when evaluating these systems is to recognize that, excluding the constructive role of foreland basin burial of source rocks into the maturation window, fold-andthrust belts tend to be destructive with respect to most elements of petroleum systems. Cooper (2007) pointed out that the vast majority of worldwide conventional reserves in these structural environments occur in Cenozoic deformation belts. The reason for this is that the shallow levels of compressional mountain belts, where petroleum resources reside, are ephemeral fi xtures of the crust: Those above sea level erode, which causes isostatic rebound of the crust and a runaway cycle of uplift and denudation, which ultimately compromises seals for the traps and causes the reservoirs themselves to be unroofed. In addition, exhumation, driven by uplift and erosion, causes cooling of the upper crust and tends to shut off generation of hydrocarbons from source rocks except in large synclines or in areas where extensional collapse basins allow source kitchens to remain buried. An easy way to observe this problem is to look at any of the world's petroliferous mountain fronts and to note that the productive trends are commonly only a few tens of kilometers wide in the dip direction, beyond which the subsurface reservoirs are present at the surface. It is common for breached oil fi elds to be found in these hinterland areas, where trap closures that resided in the subsurface just 10-20 m.y. ago are now uplifted on the youngest thrust faults in the system.
In order for traps in a system that is generating hydrocarbons to maintain integrity and avoid uplift and breaching, it is obviously imperative that structural relief be modest in comparison to the thickness of sedimentary fi ll above the reservoir zones. The Camisea area in Peru (Fig. 7) is an excellent example of how traps that contain hydrocarbons tend to be modest in size and have minimal structural complexity. Duplex structures, as shown on the south end of the Camisea profi le, can create large structural culminations but often have the undesirable effect of causing surface breaching or at least tilting of the roof thrust sheets, thereby reducing the height of shallower structural closures.
One of the most effective ways for traps to "keep their heads down" and avoid breaching is to form in a low structural taper (Davis et al., 1983 ) environment, which is promoted by the presence of preexisting sedimentary basin taper and widespread, weak décollement horizons. Such systems do not require extensive internal shortening in order for the basal detachment to fail, and so structural and topographic relief tends to be minimized, limiting the potential for breaching of traps. Both of these characteristics can be found in the Madre de Dios-Beni and Santa Cruz-Tarija segments of the Subandean zone in southeast Peru and Bolivia, where the highest concentration of fold-and-thrust belt oil and gas fi elds exists between Colombia and Argentina. The inversion mountain fronts, e.g., in the Llanos Basin (Fig. 8) , are more abrupt and have narrower areas between uplifted internal zones and undeformed forelands. They are certainly capable of containing viable petroleum traps, especially where low-angle shortcut faults propagate out from beneath the higher-angle inversion faults, but the quantity of traps tends to be lower, and the fetch areas for source kitchens may be less extensive than in the fully detached, low-taper systems. Consistent with previous syntheses Grier et al., 1991; Mon and Salfi ty, 1995; Allmendinger and Gubbels, 1996; Kley et al., 1999; Jaillard et al., 2002; Sempere et al., 2002; Giambiagi et al., 2003; Rosas et al., 2007) , the South American examples in this paper testify to the importance of preexisting structural/ stratigraphic fabrics-most importantly, whether the basins shortened in late Cenozoic time were previously affected by Mesozoic riftingin setting up the fundamental control on structural styles in the modern mountain front.
Beyond the basic characteristic of structural relief, structural timing with respect to petroleum generation is a critically important limiting factor for fi lling of traps in contractional mountain fronts (Cooper, 2007) . Because foreland basins fl ex under the load of encroaching retroarc thrust belts, they commonly contain thick successions of synorogenic clastic rocks derived from both the continent and mountain belt sides of the basins. In South America, the thickness of Cenozoic strata commonly exceeds 4 km in fold belt synclines and in the proximal foredeep just outboard (east) of the deformation front. These burial depths of Paleozoic and Mesozoic source rocks in the Subandean zone set up a delicate balance between the timing of hydrocarbon maturation and the timing of trap formation. Maturation sweet spots occur where relatively young source rocks, like the Upper Cretaceous formations in Colombia, are buried under a variable load of Cenozoic synorogenic clastic rocks. As demonstrated by the maturity window in Figure 2 , there are areas of limited burial (e.g., over the Vaupes arch) where the source rock is submature or generates only early-maturity heavy oil, and also areas of "optimum" burial, where oil or condensate is the main commodity type. Elsewhere, where source rocks are older and deeper, and/or the Cenozoic loads are thicker, source rocks tend to be gas-mature or overmature, and young traps may be dry. An area where overmaturity appears to be a problem is in central Peru, where the Jurassic Pucara Formation is known to have charged traps with a complex, protracted history along the Contaya arch in the foreland, but is not known to have charged any traps in the fold-andthrust belt. This conclusion could change as drilling increases in the lightly explored central Peruvian Subandean zone, but it appears that the thick sedimentary load of Amazonia (Hoorn et al., 2010; Hoorn and Wesselingh, 2011) , where Cretaceous and Cenozoic depositional thicknesses locally exceed 6 km, resulted in maturation of Jurassic sources beyond the window where gas generation was viable before late Cenozoic traps formed in this trend (Fig. 2) . Similarly, Cenozoic stratal thicknesses in southeast Peru and Bolivia locally exceed 4 km, and so Paleozoic source rocks in those parts of the Subandean zone are in the gas window or are overmature today.
With respect to structural arches that intersect the Subandean zone, whether they promote or impede petroleum generation and preservation depends on the nature of the structural arch and the age of the petroleum system. Over the Vaupes arch in southern Colombia, this long-lived structural high has impeded maturation of young, Upper Cretaceous sources. Conversely, the long-lived Manu and Madidi arches in southern Peru had the positive effect of keeping Mississippian source rocks in the Camisea area from becoming buried too deeply between late Paleozoic and early Cenozoic time, such that liquid-rich condensate could fi ll those youthful traps in late Cenozoic time. The largest structural arch in our transect, the Paleozoic Transpampean arch, had a more profound effect than the arches to the north, completely precluding any signifi cant Paleozoic source preservation and also setting up an orogenic basement fabric that gave rise to multiple rift/collapse basins that possess selfcontained Mesozoic petroleum systems.
One aspect of the South American system that differs from other mountain front provinces (e.g., North America; the Middle East) is that virtually all the reservoirs in the Subandes are clastic. This fact is important because these rock types have a greater depth dependence on permeability and may not contain the quality of fracture systems that carbonate rock types contain. Tight sandstones have been encountered in Cretaceous reservoirs in the Santiago and Huallaga Basins in Peru and in Paleozoic reservoirs in Bolivia. This consideration is another reason why reserve sizes and reservoir quality tend to be greatest at the modestly buried frontal terminus of a fold belt system compared to the more deeply buried interior zones.
Finally, we note that relatively few of the sources and reservoirs in the Subandean and other global fold belt systems occur within the synorogenic assemblage of strata. In South America, Cenozoic reservoirs in Colombia are part of the foreland basin assemblage, as is some of the secondary (Cretaceous) production in the Camisea area in Peru. However, all of the major source rocks in the Subandes are pre-Cenozoic, and most of the key reservoirs in Argentina, Bolivia, and Peru are Paleozoic or Mesozoic. Cretaceous reservoirs are important in the foreland of Ecuador and Peru, but overall the Cenozoic sedimentary section of South America contains fewer reserves than some other foreland successions in the world (e.g., the Cretaceous of Canada), because the foreland was overfi lled during most of this period, and it contains mostly nonmarine rocks with limited source and seal potential.
In summary, the Subandean system of South America is probably similar to other Cenozoic compressional mountain fronts in the world in terms of its tremendous diversity of structural styles, stratal types, and proven petroleum systems. Beyond the basic elements of a fl exural foredeep, locally developed wedge-top depozones, and general rates and styles of orogenic wedge advance, we fi nd the overall system to be remarkably nonuniform in the strike direction and challenge the notion that there is such a thing as a "generic" retroarc thrust belt. We concur with previous authors (e.g., Allmendinger et al., 1983 ) that the role of structural-tectonic inheritance cannot be overstated when trying to unravel the stratigraphic and petroleum systems characteristics of a Neogene contractional system.
While much of the ~7500-km-long mountain front contains high-quality source rocks, only a small proportion of the Subandes contains commercial hydrocarbons. In areas with viable source rocks, the chief factors that inhibited viable petroleum systems from being developed are (1) high-standing basement arches where source rocks were never buried enough to mature and (2) structural timing within thick foredeep depocenters where maturation preceded trap formation. In areas where a recently active petroleum system is present, but overall resource density is not high, the causes are (1) inversion mountain fronts where structural trap density is low and/or breaching is prevalent, and (2) high-relief anticlines in thin-skinned systems where shallow reservoirs are breached and production relies on tighter, Lower Paleozoic fractured sandstone reservoirs. In our view, most of the known petroleum occurrences in the Subandes are easily explained in the context of their subregional stratigraphic and structural framework, and we would expect future discoveries to be made offsetting those fi elds. We also suggest that one additional area could prove productive in the future-the district north and west of Camisea in Peru, where Paleozoic and/or Jurassic sources might be locally viable where the Cretaceous-Cenozoic depositional load is 4 km or less. The current approaches targeting unconventional reservoirs might also open up larger tracts of the Subandes to a new round of successful exploration since source rocks are abundant in these basins. These targets will likely be in more gently deformed areas than the conventional anticline traps, such as in wide bathtub synclines that are still in the oil-or gas-generating window.
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APPENDIX. COMMENTS ON LOCATION OF ALONG-STRIKE CROSS SECTION
Given that a main goal of our analysis is to characterize the cause of along-strike segmentation of hydrocarbon systems, it was necessary to traverse an area close to the modern Subandean deformation front, in proximity to the traditional habitat for fold belt petroleum traps. However, in some locations, the section departs from that precise location in order to intersect more complete stratigraphic sections on the dip profi les. Those departures generated several zigzags in the strike section (e.g., into the Huallaga Basin, Peru), which lead to some odd geometries on the strike section that should not be misinterpreted as transverse structure elements. Secondly, there are areas such as northern Argentina, with signifi cantly deformed forelands, where the choice of location for the strike section was somewhat arbitrary. As with the zigzags, we attempted to focus discussion on the fundamental transverse elements rather than the artifacts caused by arbitrary locations of the strike section, and we encourage the reader to always view the vertically exaggerated (20×) strike section together with the intersecting dip sections (vertical exaggeration 1×) shown in Figure 7 in order to best comprehend the interplay of stratigraphy and structural elements in three dimensions.
